The influence of the endogenous micronutrient chelator, nicotianamine (NA), and of Cu nutrition on the distribution of Cu, Fe, Mn, Zn, and NA was investigated in eight different shoot organs, roots, and in xylem exudates of the NA-containing tomato wild type Lycopersicon esculentum Mill. cv. Bonner Beste and its NA-less mutant chloronerva.
Introduction
The translocation of micronutrients from their absorption sites in the roots to the different organs of the shoot is not well understood. Tiffin (1966a, b) found that Fe is transported within the xylem of soybean and tomato in its trivalent state as a chelate of citric acid. Subsequently, it was revealed that several organic compounds (mainly organic and amino acids) which are present in the xylem sap in different concentrations, could serve as ligands for the cations transported in the transpiration stream (Senden and Wolterbeek, 1990) . However, because it is very difficult to detect these complexes directly in situ, simulation models and theoretical calculations have been the main sources of our knowledge. White et al. (1981a, b, c) concluded from data derived from their computer program CHELATE, as well as from electrophoretic experiments, that Cu should be bound primarily to asparagine, glutamine and histidine, depending on the plant species. It was confirmed by these authors that Fe(III)citrate is the most abundant state of iron in the xylem. Zinc is also primarily complexed as citrate and malate, whereas Ca, Mg and Mn were only weakly complexed. For thermodynamic reasons these relations might vary considerably according to concentrations, temperature and pH and also with plant genotype, physiological condition and others.
Nicotianamine (NA) was not included in these considerations because its stability constants were not published until 1983 (BeneS et al, 1983) . According to their determinations, the stability constants are between log K= 8.8 (Mn) and log AT= 18.6 (Cu). Thus, NA could well compete as a ligand for Cu with asparagine (log K= 14.9), glutamine (log K= 15.14) and histidine (log K= 18.7) (Silldn and Martell, 1964) . Evidence has previously been presented that complex formation with transition metals is one of NA's basic functions (Scholz et al, 1988) .
The existence of the NA-less tomato mutant chloronerva offers unique possibilities to investigate the functions of NA in plant metabolism. As known from earlier observations, chloronerva overaccumulates Fe, Mn, Zn, and Cu, in contrast to the normal accumulation of Rb and P; the accumulation of Cu is restricted to the roots. This accumulation could be restored more or less to wild-type levels by application of NA (Scholz et al, 1987; Stephan and Grun, 1989) . In addition, the phloem transport of Fe seems to be NA-dependent (Scholz, 1989) .
In a previous paper the distribution of Fe, Mn, Zn, Cu, and NA in different organs and in the root exudate of chloronerva and its wild type 'Bonner Beste' was described for plants grown at different Fe concentrations (Pich et al, 1994) . From these experiments it was concluded that NA might be a transporter of Cu in the xylem. The experiments described below were conducted to test the hypothesis that NA is an important ligand for Cu translocation.
Materials and methods

Plant material and culture
Seedlings of tomato, Lycopersicon esculentum Mill. cv. Bonner Beste and its mutant chloronerva were grown under controlled conditions as described by Pich et al. (1991) . On day 12 plants were transferred to vessels with a continuously aerated nutrient solution containing 10 fxM FeEDTA and 0.3 or 3 ^M CuSO 4 . The pH of these solutions was adjusted to 5.5 with KOH at the beginning of the experiment and at each change of nutrient solution.
NA foliar application
Mutant plants were supplied with 50 or 500 ^M NA in aqueous solution (pH 6.0) applied to the leaves with a smooth brush five times per day, starting on day 12 of plant growth. Over a period of 14 d each mutant received approximately 0.4 or 5.0 junol NA.
AW roof application
Plants were cultivated in full nutrient solution up to day 21 with 3 ftM Cu as described above. On day 21 this nutrient solution was replaced by a solution free of Cu, Fe, Zn, and Mn, and a proportion of the mutant plants received 50 jiM NA. The micronutrient-free nutrient solution was used to avoid complexation between NA and micronutrients in the nutrient solution or on the root surfaces. After another 5 d plants were harvested as described below.
Plant harvest
Plants were harvested 26 d after sowing, when the 6th (or 5th) leaf had developed. Plants were transferred to a solution containing 100 ^M Ca(NO 3 ) 2 and 100 ^M Na 2 EDTA at 4°C for 30 min, with stirring, to remove micronutrients adhering at the root surface. Afterwards, roots were washed with de-mineralized water. This procedure was followed by dissection into organs.
Xylem exudate collection, micronutrient analyses, and NA extraction and determination were conducted according to Pich etal. (1994) .
Results
Effect of different Cu and NA supply on concentrations of Cu and NA in different organs as compared to Fe, Zn and Mn
Application of NA to the mutant leads to a so-called 'phenotypical normalization' of chloronerva. This comprises a regreening of the leaves and an enhanced growth of shoots and roots (Plate 1). An increase of about 3-fold in the accumulation of Cu was observed in the roots of untreated mutant plants as compared to the wild type ( Fig. 1 ). An increased Cu concentration in untreated mutant plants relative to the wild type was also recorded in the shoot axis, whereas in cotyledons and leaves, concentrations were decreased relative to the wild type. For comparison, Fe concentrations in all mutant organs considerably exceeded wild-type values except in the youngest leaves (Fig. 1) . Manganese behaved similarly to Fe, but only small differences between genotypes were observed with respect to Zn concentrations in shoot organs. Roots of untreated mutant plants, however, contained twice the Zn concentration of wild-type plants (data not shown).
The application of 500 fxM NA to the mutant leaves significantly increased the Cu concentrations in the leaves, particular in the younger ones ( Fig. 1) . At the same time, the Cu concentration in the roots of the mutant decreased by one-half, almost to the concentrations of the wild-type roots. The concentrations of Fe in all mutant organs decreased to wild-type levels with NA supply (Fig. 1) , whereas only small effects on Zn and Mn were observed, with the exception of the roots, where concentrations also reached wild-type levels (data not shown).
The effects of Cu nutrition in wild-type plants and NA foliar supply to mutant plants are shown for micronutrient concentrations in the oldest leaves (Table 1) . A 10-fold increase in Cu supply to the wild type resulted in a doubling of Cu and Zn concentrations, a significant increase in Mn, and a decrease in Fe. Foliar supply of NA to the mutant led to a significant increase in Cu, together with a decrease in Fe, whereas the effects on Mn (2), and NA-treated mutant (3). Tomato mutant chloronerva shows interveinal chlorosis (A-2, C-2) and reduced shoot and root growth (B-2) due to lack of NA, the application of which partially restores the mutant (A-3, B-3; 'phenotypical normalization') to the normal phenotype of the wild type (A-l, B-l, C-l). and Zn were negligible. An increase from 50 to 500 NA was not accompanied by an additional effect. Thus, 50 fiM seems to be an optimum concentration for the regulation of the heavy metal equilibrium. Different correlations between Cu nutrition and NA concentrations in wild-type organs were observed. Whereas a 10-fold increase in Cu exerted a high increase in NA in younger leaves and in roots, older leaves and the axis remained unaffected, and NA concentrations dropped by one-half in the cotyledons (Fig. 2) .
Effect of different Cu supply on Cu and NA concentrations and exudation rates in xylem as compared to Fe, Zn and Mn
A 10-fold increase in nutrient solution Cu supply had no effect on the concentrations of Cu, Zn, Mn, and NA in the xylem exudates of wild-type plants, but exerted a significant decrease in Fe (Table 2) . In the mutant xylem exudate the Cu concentration was very low, unless NA was supplied. In contrast, the concentrations of the other metal ions were lowered upon addition of NA. In no case, however, was NA detected in exudates of mutant plants, unless NA was supplied at high concentrations to the leaves (Table 2) .
If translocation rates (nmoles g" 1 root FWh" 1 ) were calculated from xylem exudates, a 10-fold increase in Cu supply led to significant increases in translocation rates for all metal ions, except for Cu in the mutant (data for Mn and Zn not shown). A similar increase was also shown with respect to NA (Fig. 3) . The application of NA to the mutant leaves led to an increase in the Cu translocation rate. Contrary to Cu, the translocation rate of Fe in the mutant decreased below wild-type level, under the influence of NA (Fig. 3) . Similar results were obtained with Mn and Zn (data not shown). The pattern of NA translocation resembled that of Cu, but was higher by a factor of 2 to 3 (Fig. 3) .
If after 21 d of preculture with 3 ^tM Cu in the nutrient solution trace metals were omitted and plants were cultiv- Nicotianamine-stimulated copper transport in tomato 45 Figs 3 and 4 ). An addition of 50 ^M NA to the nutrient solution of mutant plants at day 21 led to a 50% increase of Cu translocation rates, a further decrease in Fe and Mn translocation, and no change with respect to Zn (Fig. 4) .
Discussion
The results support our previous observations that Fe and Mn are accumulated in shoots and in roots of the NA-less mutant chloronerva, whereas the accumulation of Cu and Zn was restricted to the roots and to the axis ( Pich et al, 1994) . In addition, it was again demonstrated that after supply of NA to the leaves of the mutant, Fe concentrations were decreased towards wild-type values ( Fig. 1 ; Table 1 ; Scholz et al, 1987; Stephan and Griln, 1989) . It was also demonstrated that NA concentrations in wild-type plants exhibit a steep gradient from the oldest to the youngest leaf (Pich et al, 1994) , but that contrary to Fe, a 10-fold increase in Cu supply resulted in almost 100% higher NA concentrations in young leaves and in roots (Fig. 2) . This suggests an induction of NA biosynthesis by high Cu concentrations in the tissues which could be a prerequisite either to Cu transport and/or to protection against the deleterious effects of high Cu concentrations.
As revealed by these experiments, the relationships between NA and Cu differ in most respects from other heavy metals investigated.
(1) In the NA-less tomato mutant, Cu concentrations in the roots were above, and in the shoots below, wildtype values. That is, Cu translocation was inhibited without NA, but was to a high degree restored by an exogenous supply of NA. Iron, Mn and Zn showed no or an opposite response to NA (Fig. 1) . The results from analyses of the oldest leaves also supported a role for NA in the translocation of Cu (Table 1) . (2) Nicotianamine and micronutrient concentrations in xylem exudates of mutant plants followed almost exactly the same pattern per gram root FW. But contrary to Fe, Mn and Zn, the concentration of Cu was increased upon foliar supply of NA. At the same time, NA became detectable in the exudate and its molar concentration was well above Cu, so that complexation seems to be a possibility (Table 1) . (3) Translocation rates of Cu, Fe and NA, calculated as nmoles g" 1 root FWh" 1 , were increased in the wild type to a similar degree by a 10-fold increase in Cu supply to the nutrient solution. However, in the NA-less mutant, translocation rates of Cu were very low, unless plants were supplied with exogenous NA. There was no change in the translocation of Fe, Mn and Zn to NA. The translocation rates of Cu in NA-treated mutant plants and in wild-type plants at different Cu supply were in the same order of magnitude as the translocation rates of NA (Fig. 3) so that interaction seems convincing. Very similar results were obtained upon the addition of NA to the nutrient solution which, after full supply, was depleted of heavy metals (Fig. 4) . These observations strongly support our view that NA is involved in Cu translocation.
The molar ratio for Na: Cu in xylem exudates of wildtype plants was about 3, the ratio for NA: Fe was about 1/3, NA:Mn near to 1, and NA:Zn about 6 (Table 2) . Since Cu is known to be more strongly bound to organic ligands than the other trace metals, this result is also in favour of Cu complexation by NA in tomato seedlings.
Generally, micronutrient cations can be tightly bound to the mainly negatively charged sites within the root cell walls (Wolterbeek et al, 1984) . This is especially true for reactive species such as Cu (Kochian, 1991) . This could be the cause for the slow translocation of Cu to the shoot of the mutant chloronerva (Pich et al, 1994) . The results suggest that the unidentified polyaminocarboxylic acid mentioned by Foy et al. (1978) as the transporter for Cu in the xylem fluid is the non-protein amino acid NA.
However, NA is perhaps not the sole Cu translocator in tomato, but is competing for Cu in the xylem in equilibrium with other organic ligands, mainly with histidine. In xylem exudates of tomato, histidine concentrations were observed in the range of 16-20^M (White et al, 1981*) which is very close to the value of about 18/iiM NA in these experiments (Table 2) . AJso the complexing constants of histidine (log AT= 18.7; Sillen and Martell, 1964) and NA (log #=18.6; Benes et al, 1983) are virtually the same. Moreover, according to theoretical calculations made by Stephan et al. (1995) the NA-Cucomplex in the xylem at a pH of approximately 6.0 is regarded to be very stable.
In summary, it seems very likely that, at least in tomato, NA, as an endogenous chelator for divalent micronutrients in plants with an especially high Cu chelation capacity in the slightly acidic pH of the xylem fluid (5.6 to 6.0), is involved in the translocation of Cu. The details of this involvement remain to be investigated.
